Organization and function of the Notch signaling pathway in Drosophila are best understood with respect to its role in the process of selection of neural progenitor cells. However, there is evidence that, besides neurogenesis, the Notch signaling pathway is involved in several other developmental processes, one of which is the selection of muscle progenitor cells. Thus, the number of these cells is increased in neurogenic mutants, and it has been proposed that muscle progenitor cells are selected from clusters of equivalent cells expressing genes of the achaete-scute gene complex (AS-C). Here, I present evidence for the participation of additional elements of the Notch signaling pathway in myogenesis. Gal4 mediated expression of a Notch variant, E(spl) and Hairless shows that the selection of muscle progenitor cells obeys principles apparently identical to those acting at the selection of neural progenitor cells. q
Introduction
Speci®cation of neural progenitor cells in Drosophila, i.e. neuroblasts and sensory organ mother cells (SMCs), requires a complex network of interlinked functions mediated by the products of proneural and neurogenic genes (see Campos-Ortega, 1993; Ghysen et al., 1993; Jan and Jan, 1993 , for reviews). The neurogenic network acts during embryogenesis within relatively small groups of equivalent cells, called proneural clusters, from which individual cells are selected. All the cells in these clusters express initially proneural genes Romani et al., 1987; Cabrera, 1990; Martõ Ân-Bermudo et al., 1991) , which encode transcriptional activators of the bHLH family (Villares and Cabrera, 1987; Alonso and Cabrera, 1988; Gonza Âlez et al., 1989) . Expression becomes restricted to an individual cell of the cluster, which delaminates as neural progenitor cells. This decision process is controlled by lateral inhibition mediated by the neurogenic genes. In neurogenic mutants (Lehmann et al., 1983) , in which lateral inhibition is perturbed, expression of achaete, scute and lethal of scute does not become restricted to individual cells, but persists in all cells of the proneural cluster (Brand and Campos-Ortega, 1988; Cabrera, 1990; Skeath and Carroll, 1992; Ruiz-Go Âmez and Ghysen, 1993; Martõ Ân-Bermudo et al., 1995) . The neurogenic genes can be ordered in an epistatic chain whose last link is the Enhancer of split complex (E(spl)-C) (de la Concha et al., 1988; Lieber et al., 1993) . Notch, Suppressor of Hairless (Su(H)) and the E(spl)-C participate in the reception and processing of the regulatory signals, whereas Delta acts as the source of these signals (Technau and Campos-Ortega, 1987; Heitzler and Simpson, 1991; Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993; Bailey and Posakony, 1995; Lecourtois and Schweissguth, 1995) . The genes of the E(spl)-C (Knust et al., 1987a) encode transcription factors of the bHLH family (Kla Èmbt et al., 1989; Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) , which upon Notch-mediated activation (Jennings et al., 1994; Bailey and Posakony, 1995; Lecourtois and Schweissguth, 1995) suppress the function of the proneural genes (Oellers et al., 1994; Singson et al., 1994; Van Doren et al., 1994; Tata and Hartley, 1995; Heitzler et al., 1996; Nakao and Campos-Ortega, 1996; . Genetic data suggest that the level of expression and activity of proneural gene products decide the neural or epidermal fate of each cell in the proneural clusters. In vitro experiments suggest that the proteins encoded by the AS-C genes function as heterodimers with another, ubiquitously distributed bHLH protein, encoded by daughterless (Caudy et al., 1988a,b; Cronmiller et al., 1988; Murre et al., 1989; Cabrera and Alonso, 1991; Cronmiller and Cummings, 1993; Oellers et al., 1994; van Doren et al., 1994) ; in vivo evidence has been obtained that Lethal of scute requires Daughterless to elicit neural development ectopically .
For many years, the neurogenic genes have been studied solely from the point of view of neurogenesis. However, the neurogenic mutations cause phenotypic abnormalities in many other organs and processes, besides the neural tissue. For example, as early as 1937 Poulson described muscle defects associated with Notch mutations (Poulson, 1937) . Since then defects in myogenesis, oogenesis, gut and heart development have been described as associated with Notch and other neurogenic mutations (Corbin et al., 1991; Ruohola et al., 1991; Xu et al., 1992; Bate et al., 1993; Tepass and Hartenstein, 1994; Carmena et al., 1995) . Carmena et al. (1995) have reported that lethal of scute is expressed in mesodermal cell clusters. During early myogenesis its expression becomes restricted to one cell of each cluster which segregates thereafter as muscle progenitor cell. Division of the progenitor cells creates two muscle founder cells, each of which recruits neighboring non-founder myoblasts to form the syncytial precursors of a distinct mature muscle (Bate 1990; Dohrmann et al., 1990) . As previously shown in the neuroectoderm, restriction of expression to one cell is impaired in neurogenic mutants leading to severe abnormalities in muscle patterning and muscle differentiation (Corbin et al., 1991; Bate et al., 1993; Carmena et al., 1995) . In addition, loss of lethal of scute function leads to loss, and overexpression to duplica- tion of speci®c founder cells and muscles . These results suggest that the function of the proneural gene lethal of scute in myogenesis is analogous to its function in neurogenesis.
I have sought to obtain more evidence for the participation of the Notch signaling pathway during Drosophila myogenesis by overexpressing genes encoding various members of this pathway by means of the Gal4 system (Fischer et al., 1988; Brand and Perrimon, 1993) . I found that Gal4-mediated expression of a constitutively active Notch receptor inhibits the development of muscle founder cells, as visualized with the markers S59 (Dohrmann et al., 1990) and Kru Èppel (Ruiz-Go Âmez et al., 1997); however, mesodermal cells express the muscle speci®c myosin heavy chain. This effect on the muscle founder cells persists after simultaneous overexpression of lethal of scute and daughterless, but is partially compensated by Hairless.
Finally, Gal4-mediated overexpression of E(spl) leads to a dramatic reduction of S59 and Kru Èppel positive cells. These ®ndings strongly suggest that the Notch signaling pathway in myogenesis is similar organized as in neurogenesis.
Results
In the experiments described, I mainly used two activator insertions. One, daG32 (Wodarz et al., 1995; Nakao and Campos-Ortega, 1996; ef®ciently activates reporter gene transcription ubiquitously from blastoderm stages onwards. The other activator insertion, 24B-Gal4 (Brand and Perrimon, 1993) , directs transcription exclusively in the mesoderm from stage 8 on . The results were identical with both activators, at 
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H scW3h results in muscle (A) and PNS (C) pattern formation defects and in very rare cases in muscle duplications (A). The embryo shown in A has a duplication of a LO1 muscle (arrow); pattern formation defects are easily recognizable in the arrangement of the VL muscles (arrowheads). No striking defects were detected in the pattern of Kru Èppel positive founder cells (B). Notch intra dominates over the function of daughterless and lethal of scute, since embryos expressing all of these three effector genes do not develop any of the larval muscles (D), any of the Kru Èppel positive founder cells (E) or any structures of the PNS (F). These phenotypes are comparable to those of Notch intra expressing embryos (see Fig. 1D±F ). least with respect to the aspects of myogenesis covered in our study.
The active form of Notch suppresses development of muscle founder cells and is dominant over Daughterless and Lethal of scute function
To test whether the Notch signaling pathway is involved in myogenesis, I studied the effects of expression of a constitutively active Notch protein (Notch intra ; Lieber et al., 1993; Struhl et al., 1993) . A second chromosomal effector line with an UAS-Notch intra construct was used. As described in this construct led to complete blocking of neural development upon activation with daG32 (Fig. 1F) . Embryos carrying that construct driven by daG32 or by 24B-Gal4, respectively, do not express any of the muscle founder cell markers S59 and Kru Èppel (Fig. 1E ) in the mesoderm. Therefore, I assume that no muscle progenitor cells are speci®ed in these animals. Con®rmation of this assumption is provided by the observation that no muscle ®bers differentiate in these embryos, as shown by means of the expression of a myosin heavy chain (MHC) reporter gene (Fig. 1D) . In mutants where fusion of myoblasts is blocked, founder cells express corresponding founder cell markers, while the non-founder myoblasts remain as undifferentiated rounded cells, which expresses certain muscle speci®c genes like myosin (Rushton et al., 1995) . Since Notch intra expressing mesodermal cells are rounded and many of them express the MHC reporter (Fig. 1D) , I assume that the MHC expressing cells are non-founder myoblasts which have failed to undergo fusion due to the lack of muscle founder cells.
In view of the myogenic abilities of the proneural gene lethal of scute , whose gene products function as heterodimers with Daughterless (Caudy et al., 1988a,b; Cronmiller et al., 1988; Murre et al., 1989; Cabrera and Alonso, 1991; Cronmiller and Cummings, 1993; van Doren et al., 1994; Oellers et al., 1994) , I have tested whether the effects of constitutively activation of Notch can be compensated by the simultaneous Gal4 mediated expression of daughterless, lethal of scute and Notch intra . I found no difference as compared to embryos which do not express UAS-daughterless and UAS-lethal of scute (Fig.  2D±F) . These results indicate that the Notch intra -mediated inhibitory signals are dominant over the action of both endogenous and exogenous provided proneural proteins.
The Gal4 mediated expression of daughterless and lethal of scute by itself causes just minor defects in the pattern of mature muscles ( Fig. 2A,B) . I rarely detected any duplication of founder cells or muscles after overexpression of both lethal of scute alone or in combination with daughterless. During neurogenesis daG32 mediated expression of UASlethal of scute or UAS-daughterless effectors compensates for loss of AS-C or daughterless function, respectively , this suggests that both constructs are functionally expressed in the mesoderm, at least after activation with daG32. Therefore, I conclude that the inhibitory signals mediated by exogenously provided Notch intra and those mediated by the endogenous Notch dominate over the function of Lethal of scute and Daughterless. These results are consistent with results obtained on the development of the embryonic nervous-system ( Fig. 2C,F ; .
Gal4-mediated overexpression of Enhancer of split reduces the number of muscle founder cells
Further evidence for a role of the Notch pathway in myogenesis was obtained by overexpressing UAS-E(spl) in the mesoderm. In neurogenesis, Suppressor of Hairless (Su(H)) activates the transcription of genes of the (E(spl)-C (Jennings et al., 1994; Bailey and Posakony, 1995; Lecourtois and Schweissguth, 1995) , which on their turn will suppress the activity of the proneural genes (Oellers et al., 1994; Singson et al., 1994; van Doren et al., 1994; Tata and Hartley, 1995; Heitzler et al., 1996; Nakao and CamposOrtega, 1996; . Following Gal4 mediated activation of UAS-E(spl), the number of S59 and Kru Èppel positive cells is strongly reduced (Fig. 3B ). This correlates with a defect in the number of differentiated muscle cells, as shown by MHC reporter gene expression (Fig. 3A) . Again these data ®t well with the results obtained on the development of the neuroectoderm, in which Gal4 driven UAS-E(spl) expression leads to strong reduction of CNS and PNS structures ( Fig. 3C ; Nakao and CamposOrtega, 1996).
Gal4 mediated overexpression of Hairless increases the number of muscle founder cells

During neurogenesis Su(H) becomes active if Notch
intra is expressed Lecourtois and Schweissguth, 1995) . During imaginal neurogenesis the function of Su(H) is antagonized by proteins encoded by Hairless; this effect is mediated by direct protein-protein interactions (Brou et al., 1994; Schweisguth and Posakony, 1994; Bang et al., 1995) . During speci®cation of imaginal sensory organ precursors, overexpression of Hairless counteracts the phenotypic effects of activated Notch (Bang et al., 1995) . If Su(H) is involved in transducing the inhibitory signals mediated by activated Notch during myogenesis, Gal4 mediated expression of Hairless could theoretically weaken the effect of Notch intra on the course of myogenesis. To test the relationships between active Notch and Hairless during myogenesis, I have expressed UAS-Hairless and UAS-Notch intra in the mesoderm of the same embryos. S59 and Kru Èppel positive cells are present in these embryos (Fig. 3E) , although in a much lower number than in wildtype embryos (Fig. 1B) . Well differentiated muscles are also present in these embryos (Fig. 3D) . I obtained similar results in the course of embryonic neurogenesis. Embryos with daG32 driven UAS-Notch intra are completely aneural ( Fig.  1F ; . After coexpression of UAS-Hair-less structures of the CNS as well as of the PNS differentiate as visualized with 22C10 and 44C11 antibody stainings (Fig. 3F) .
Gal4 mediated expression of UAS-Hairless alone leads to a slight increase in the number of S59 and Kru Èppel positive cells in the mesoderm (Fig. 3H ). This correlates with an increase in the number of differentiated muscle ®bers, shown by the expression of the MHC reporter gene (Fig.  3G) . In correspondence to those data the neuroectodermal Gal4 mediated expression of UAS-Hairless leads to the development of a weakly hyperplasic nervous system, as shown by stainings using the neural antibodies 22C10 and 44C11 (Fig. 3I compared to Fig. 1C ).
Discussion
Derivatives of the mesoderm, like the skeletal muscles, and descendants of the neuroectoderm (cells of the central nervous system and epidermis) are morphologically completely different. One of the most striking differences is the formation of multinuclear syncytia of skeletal muscle compared to the mononuclear cells of the neuroectoderm. Therefore, it seems reasonable that the development of both germ layers is mechanistically completely different. However, there is growing evidence, which is strongly enhanced by the presented data, that the ®rst steps in mesodermal development follow the same rules than those in the neuroectoderm.
Speci®cation of at least some muscle progenitor cells requires the expression of the proneural gene lethal of scute . l H sc is expressed in the mesoderm from stage 10 onward in several groups of cells , in a similar manner as its expression in proneural clusters during early neurogenesis Romani et al., 1987; Martõ Ân-Bermudo et al., 1991) . As during neurogenesis one cell of a given mesodermal l H sc expression domain accumulates higher levels of the protein than the other cells . Since some of those cells also express the founder cell marker S59 it is thought that the cells with high Lethal of scute concentration are committed to become muscle progenitor cells . This is again analogous to neurogenesis, where the cells with higher proneural gene product are singled out to form neural precursors and express certain neuroblast or sensory organ mother cell markers; while the other cells develop as epidermoblasts (reviewed in CamposOrtega, 1993; Goodman and Doe, 1993) . Furthermore, neurogenic mutants have an excess development of neural precursor cells (reviewed in Campos-Ortega, 1993) and of muscle progenitor cells (Corbin et al., 1991; Bate et al., 1993; Carmena et al., 1995) . Therefore, muscle progenitor cells are speci®ed by similar mechanisms as the precursors of the nervous system.
Lateral inhibition dominates over proneural gene function during muscle progenitor cell speci®cation
As we have reported recently there are no supernumerary neuroblasts or supernumerary SMCs in the anlage of the nervous system of embryos overexpressing the proneural genes lethal of scute and daughterless, although there are pattern formation defects in the differentiated nervous system . Consistent with those data embryos overexpressing lethal of scute alone or in combination with daughterless have some defects in muscle patterning. Only occasionally I have detected additional muscles in such embryos, con®rming the data of Carmena et al. (1995) . Since daG32 mediated l H sc expression is suf®-cient to rescue the neural defects of AS-C de®ciency embryos , and Gal4 mediated expression of Notch intra causes drastic developmental defects in the mesoderm, I conclude that the proneural transgenes are expressed in the mesoderm and that a certain mechanism represses their proneural protein function. Because the coexpression of lethal of scute and daughterless does neither modify the amuscular nor the aneural phenotype of Notch intra expressing embryos , this inhibitory mechanism is most probably a process of lateral inhibition, in which the active form of Notch dominates over the function of Lethal of scute and Daughterless.
I have tested whether genes that mediate the Notch signal during neurogenesis, are involved in myogenesis as well. Since Su(H) is maternally and zygoticly expressed (Schweisguth and Posakony, 1992) and mutants die at late larval and early pupal stages, the maternal expression component is suf®cient for the whole embryogenesis (Furukawa et al., 1992; Schweisguth and Posakony, 1992) , while loss of maternal and zygotic Su(H) gene function results in embryos showing a neurogenic phenotype (Lecourtois and Schweissguth, 1995) . It has been shown that Hairless antagonizes the function of Su(H) at least during imaginal neurogenesis (Brou et al., 1994; Schweisguth and Posakony, 1994; Bang et al., 1995) . Although Hairless has no essential function during embryonic neurogenesis (Schweisguth and Lecourtois, 1998) , I could show that Gal4 mediated expression of Hairless leads to suppression of the aneural and amuscular phenotype of embryos expressing a constitutive active form of Notch, while Gal4 mediated Hairless expression by itself causes the development of a weak hyperplasic embryonic nervous system and results in the development of few additional muscle founder cells and muscles, respectively. In summary this results suggest that at least ectopically expressed Hairless titrates maternal and zygotic expressed Su(H) during embryonic neurogenesis and myogenesis, resulting in a weakening of the process of lateral inhibition. Therefore it is reasonable that Su(H) mediates the Notch signal during muscle progenitor development as well as during neurogenesis.
E(spl)-C is at least during neurogenesis the last link in the epistatic chain of the Notch signaling pathway (de la Concha et al., 1988; Lieber et al., 1993) and as fare as analyzed its genes are also expressed in the mesoderm at stage 11±12 (Knust et al., 1987b) at the time where muscle progenitor cells are speci®ed (Dohrmann et al., 1990; Carmena et al., 1995) . Overexpression of certain genes of the E(spl)-C, especially E(spl), leads to a suppression of neural fate (Tata and Hartley, 1995; Nakao and CamposOrtega, 1996; . Consistent with this, Gal4 mediated expression of E(spl) leads to suppression of muscle founder cells and therefore most likely to suppression of muscle progenitor speci®cation. Again the obtained results are similar for myogenesis and neurogenesis, suggesting that the E(spl)-C has the same function in both processes, namely to suppress one of two different possible cell fates, in the anlagen of the nervous system the development of the neural precursor cell and in the mesoderm the development of muscle progenitor cells.
The analogy between neurogenesis and myogenesis is further reinforced by the ®nding that the speci®ed neural precursor cells and the muscle progenitor cells divide asymmetrically. This asymmetry depends in both cases on the cytoplasmatic membrane-associated protein Numb (Uemura et al., 1989; Rhyu et al., 1994; Spana et al., 1995; Guo et al., 1996; Spana and Doe, 1996; RuizGo Âmez and Bate, 1997; Carmena et al., 1998) , on the geneproduct of inscutable (Kraut et al., 1996; Carmena et al., 1998 ) and on Notch (Guo et al., 1996; Spana and Doe, 1996; . Taken together the results of this study and of previously published data (see Section 1 and suggest that the mechanism of lateral inhibition and its functional components is evolutionary conserved along the different germlayers.
Materials and methods
Plasmid constructions and germ line transformation
To construct pUAST-Hairless a 4386 bp Asp718I/SspI fragment from pNBH2-10 ( Brown and Kafatos, 1988; Bang and Posakony, 1992) , comprising the Hairless coding region, was initially ligated into the Asp718I/EcoRV-site of pBluescript KS 1 (Stratagene) yielding pBH. An Asp718I/ XbaI fragment was excised from the pBH plasmid and ligated into the corresponding site of pUAST (Brand and Perrimon, 1993) . DNA injection of w 1118 embryos (Lindsley and Zimm, 1992) were performed as described previously (Rubin and Spradling, 1982) . As a source of transposase the plasmid pPD2±3 (Laski et al., 1986 ) was used. I have established 15 independent UAS-Hairless lines. The strength of the individual effector insertions was determined in crosses with¯ies of the ubiquitous activator line daG32. The effects of particular insertions was considered to be strong if they led to a clearly visible hyperplasia in the PNS and CNS of embryos activated with daG32. The strongest homozygous effectors were used in this study.
Drosophila stocks
I used a homozygous third chromosomal daughterlessGal4 line (daG32, Wodarz et al., 1995) and the homozygous 24B-Gal4 enhancer trap line (Brand and Perrimon, 1993) as activators. Both lines were combined with a second chromosomal insertion of a MHC-lacZ reportergene (Hess et al., 1989) .
Homozygous effector lines carried insertions in either the second or the third chromosome. I used UAS-lethal of scute lines (UAS-l H scW3h, UAS-l H scM3h) described in Hinz et al. (1994) ; a UAS-daughterless line (UAS-da52.2) described in , and UAS-Enhancer of split lines described in . In addition, I used a UAS-Notch intra line, kindly provided by Laurent Seugnet, Marc Haenlin and Pat Simpson (Strasbourg).
Immunohistochemical staining of embryos
Antibody stainings, i.e. MAb22C10 (Fujita et al., 1982) , MAb44C11 (Bier et al., 1988) and anti-b-Galactosidase (Cappel) of embryos were performed according to standard protocols. For anti-Kru Èppel (Gaul et al., 1987) and anti-S59 (Dohrmann et al., 1990) stainings, the horseradish peroxidase vectastain elite ABC reagents (Vector Laboratories) were used. Staging of embryos was following CamposOrtega and Hartenstein (1985) . Since all activator and effector strains were homozygous for the corresponding inserts, all embryos of a given cross had the same genotype resulting in fully penetrant phenotypes.
